Water oxidation is pivotal in biological photosynthesis, where it is catalyzed by a protein-bound metal complex with a Mn 4 Ca-oxide core; related synthetic catalysts may become key components in non-fossil fuel technologies. Going beyond characterization of the catalyst resting state, we compare redox and structural dynamics of three representative birnessite-type Mn(Ca) oxides (catalytically active versus inactive; with/without calcium) and the biological catalyst. In the synthetic oxides, Mn oxidation was induced by increasingly positive electrode potentials and monitored by electrochemical freeze-quench and novel timeresolved in situ experiments involving detection of X-ray absorption and UV-vis transients, complemented by electrochemical impedance spectroscopy. A minority fraction of Mn(III) ions present at catalytic potentials is found to be functionally crucial; calcium ions are inessential but tune redox properties. Redoxstate changes of the water-oxidizing Mn oxide are similarly fast as observed in the biological catalyst (o10 ms), but 10-100 times slower in the catalytically inactive oxide. Surprisingly similar redox dynamics of biological catalyst and water-oxidizing Mn(Ca) oxides suggest that in both catalysts, rather than direct oxidation of bound water species, oxidation equivalents are accumulated before onset of the multi- 
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Introduction
In biological photosynthesis, the water oxidation reaction is catalyzed by a Mn 4 CaO 5 core cluster supplemented by four terminal water ligands and embedded in a protein complex denoted as photosystem II (PSII, Fig. 1a and b) . [1] [2] [3] [4] The five metal ions are closely connected by bridging oxygen atoms and bound to evolutionary highly conserved protein side chains (Fig. 1a) . 5 The compact metal-oxo core of the catalyst resembles closely structural motifs of purely inorganic MnCa oxides. 6, 7 The interrelation between the worlds of biochemistry and inorganic oxides 7-10 is of interest regarding both the evolution of oxygenic photosynthesis and the development of synthetic water-oxidation catalysts. Manganese oxides exist as many different polymorphs. 6 The ones with sizeable catalytic activity towards water oxidation are often non-crystalline materials without well-resolved Bragg reflections when studied by X-ray powder diffraction. 11 Their structure has been identified by X-ray absorption spectroscopy (XAS) as highly disordered birnessite-like oxide layers (oxide sheets) consisting mostly of edge-sharing MnO 6 octahedra, a structural motif which also can be viewed as Mn pairs connected by di-m-oxo bridges ( Fig. 1c and d) . [11] [12] [13] [14] [15] Crystalline manganese oxides have also been reported as being catalytically active. [16] [17] [18] [19] Under the strongly oxidizing conditions required for water oxidation, amorphisation of the crystalline oxide material is likely. 18, 20 The amorphisation starts at the surface and may be paralleled by a continuous increase of the catalytic activity in the bulk volume of the material. In the present work, to avoid the ambiguities of active-site formation by surface amorphization, we investigate fully amorphous, hydrated oxides. They can be viewed as layer fragments of oxo-hydroxides interfaced by a quasi-electrolyte consisting of water molecules and typically also cations (e.g. potassium) and anions (e.g. phosphate, carbonate). This quasi-electrolyte can provide the substrate water molecules of the water-oxidation reaction and facilitates proton transport. Consequently, water oxidation catalysis is not limited to the outer surface of the catalyst film, but takes place throughout the bulk volume of the catalyst film, presumably at the margins or defect sites of the oxide fragments. [24] [25] [26] [27] [28] We note that the hydrated oxides as they are described above are most likely equivalent to the 'hydrous oxides' reviewed in ref. 29 . The volume activity of these hydrated (or hydrous) oxides favors experimental tracking of redox dynamics and water oxidation catalysis strongly because bulk-sensitive spectroscopic methods can provide mechanistic insights.
Here we compare oxidation state and structural dynamics of the biological catalyst, the protein-bound Mn 4 Ca-oxo cluster of PSII, and of three representative birnessite-type Mn(Ca) oxides. The three synthetic oxides are (i) a catalytically active, wateroxidizing Mn oxide, 13 (ii) a redox-active, but catalytically inactive Mn oxide, 13 and (iii) a catalytically active MnCa oxide. 30 Using electrochemical quasi-in situ, freeze-quench X-ray absorption spectroscopy complemented by time-resolved detection of XAS signals, UV-vis and impedance spectroscopy, we go beyond characterization of the resting state of the synthetic catalysts and approach comparison of their oxidation-state and structural dynamics. This approach facilitates atomistic insight in both, the biomimetic character of the functionality of the synthetic oxides and the crucial determinants of catalytic function of Mn(Ca) oxides. 
Materials and methods

Reagents
Mn(Ca) film deposition
All catalysts films were deposited electrochemically on the anode using a standard three-electrode setup (potentiostat SP-300, BioLogic; Ag/AgCl reference electrode and Pt-mesh counter electrode). The electrode substrate was thin (100 mm) glassy carbon (HTW Hochtemperatur-Werkstoffe GmbH) with an electrolyte-exposed area of 10 Â 14 mm for XAS measurements or an indium-doped tin oxide (ITO) covered glass electrodes (Visiontek Systems Ltd) with an electrolyte-exposed area of 1 cm 2 for impedance and UV-vis spectroscopy. The electrodeposition 2 and subsequently annealed for 3 h at 210 1C in air. 30 Compensation for the ohmic resistance of electrolyte and electrode (iR compensation) was not employed.
Freeze-quench X-ray absorption experiment
Mn(Ca) oxides deposited on thin glassy carbon were frozen after 3 min exposure to the selected potential in 0.1 M phosphate buffer adjusted to pH 7, see also ref. 28 and ESI, † Fig. S1 . XAS at the Mn K-edge was performed at the BESSY II synchrotron radiation source (Berlin-Adlershof) operated by the HelmholtzZentrum Berlin (beamlines KMC-1 and KMC-3) at 20 K (in Oxford He-flow cryostat). A silicon(111) double-crystal monochromator was used for scanning the X-ray excitation energy. All X-ray absorption spectra were collected in the fluorescence mode, using a 13-channel energy-resolving Ge detector (Canberra) with regions of interest adjusted at the Mn K a fluorescence emission. In each scan, the X-rays that passed the catalyst sample were used to measure the absorption of KMnO 4 ) connected via a home-made currentto-voltage amplifier to a lock-in amplifier (Princeton Applied Research, model 5209). The lock-in output signal was recorded with time resolution of 10 ms by a potentiostat (Biologic SP-300), which also operated the electrochemical cell. For collection of the shown absorption, the working electrode was switched repeatedly between potential application (10 s at 1.4 V vs. NHE, pH 7) and open-circuit conditions (10 s); good reversibility was observed and 30 transients were averaged.
Electrochemical impedance spectroscopy (EIS)
EIS was performed with a Gamry Interface 1000t potentiostat in 0.1 M phosphate buffer (pH 7, adjusted with 0.1 M KH 2 PO 4 and 0.1 M K 2 HPO 4 ). For each potential, a freshly prepared Mn oxide film was used. The reproducibility of the film preparation was confirmed by a sequence of 3 CVs from 0.9 to 1.45 V vs. NHE (ESI, † Fig. S2 ); the variability in the maximum catalytic current (measured at 1.45 V) did not exceed 10%. Before starting the EIS protocol (100 mHz to 10 kHz, 10 mV modulation amplitude of the working-electrode potential), the films were equilibrated at the respective potential for 2 min. The EIS data was simulated according to the equivalent circuit provided in ESI, † Fig. S12 .
Results
Mn oxidation-state changes in biological and inorganic catalysts
Employing sequences of suitably spaced laser flashes of saturating intensity, the protein-bound Mn 4 ). The combination of flash sequences with a freeze-quench protocol has facilitated collection of X-ray absorption spectroscopy data for the S 0 , S 1 , S 2 , and S 3 state; direct tracking of the oxidation state changes in room-temperature X-ray experiments confirmed the absence of freezing artefacts. 32 To facilitate comparisons with the synthetic Mn oxides, XAS spectra obtained previously for the biological catalyst 32, 33 are shown in Fig. 2a and b.
In electrochemical water oxidation by Mn oxide films, oxidation state changes of the Mn ions in the amorphous catalyst film deposited on the anode can be induced by application of suitable View Article Online electrode potentials for short time periods (3 min in this study). This time period is sufficiently long to establish a stable redox equilibrium of the Mn ions within the oxide film, but short enough to avoid phase transitions of the oxide material as they have been observed previously. 34 Then the electrode assembly was rapidly frozen by immersion in liquid nitrogen, followed by storage at 77 K and XAS data acquisition at 20 K (ESI, † Fig. S1 ). This freeze-quench approach is superior to in situ experiments at room temperature with respect to data quality and significance (less damped oscillatory structure in the spectra at higher excitation energy) as well as avoidance of radiation damage. 28 It was used for collecting the XAS spectra of the three synthetic oxides, each equilibrated at 7-8 electrochemical potentials. Fig. 2 compares changes in the XANES (X-ray absorption nearedge structure) of the Mn 4 Ca complex bound to the PSII proteins with spectra of a catalytically active Mn oxide, which were synthesized by electrodeposition at alternating electrical potentials (MnCat). 13 In the S 0 state (lowest oxidation state) of the biological (c) and (e) illustrate changes in the magnitude of the pre-edge feature extracted from the XANES data by background subtraction; we note that the spectral resolution had been lower in the (c) and (e) data than in (a) so that some pre-edge fine-structure is visible in (a) only. In the Fourier-transformed (FT) EXAFS spectra, the indicated 'reduced distance' is by about 0.4 Å shorter than the precise Mn-ligand distance as determined by EXAFS simulations (ESI, † Table S1 ). For each FT peak, the corresponding structural motif is schematically shown (Mn, magenta; O, red). The indicated electrode potentials are referenced versus NHE (0.1 M phosphate buffer, pH 7). Oxidation-coupled structural changes in biological and inorganic catalysts
Interestingly, not only energy and absolute magnitude of the pre-edge feature visible in the XANES spectra are highly similar in PSII 38 and the synthetic oxides, but also the oxidation-coupled increase in the pre-edge magnitude (insets in Fig. 2a and c) , pointing towards analogous structural changes. The extended X-ray absorption fine-structure (EXAFS) provides more specific insight ( Fig. 2b and d) . The similarity between the spectra of the biological and synthetic catalyst suggests prevalence of similar structural motifs. In line with EXAFS simulations (ref. 32 for PSII; ESI, † Fig. S4 and Table S1 for the Mn oxides), the first peak is assigned to oxygen atoms in the first Mn coordination sphere. For increasingly positive potentials, its amplitude increases because of increasingly homogeneous distribution of Mn-O distances. This is explainable by oxidation of Mn III ions, which typically exhibit Jahn-Teller elongation resulting in a broad inhomogeneous distance distribution and thus low peak-1 amplitude. [11] [12] [13] [14] 32 The second peak corresponds to short metalmetal distances (o2.9 Å) of two manganese ions connected by two bridging oxygen atoms (di-m-oxo bridging, edge-sharing of MnO 6 octahedra). The increase of the peak-2 amplitude signifies an increase in the number of these short Mn-Mn distances either by formation of additional m-oxo bridges or by deprotonation of existing (longer) m-hydroxo bridges. The third peak, well visible in the oxide spectra, corresponds to distances around 3.4 Å explainable by mono-m-oxo bridging between the metal ions. 12, 39 In the Fourier-transformed EXAFS spectra of the inactive Mn oxide (Fig. 2f) , peak 6 indicates the presence of co-linearly arranged Mn ions (rows of three edge-sharing MnO 6 octahedra) and peaks 4-5 relate to the diagonal distances expected for a layered MnO 2 ; the coordination number of the 2.88 Å Mn-Mn vectors is close to 5 and thus close to the value of 6 predicted for an infinitely extended MnO 2 layer (ESI, † Table S1 ). In the catalytically active and 'defectrich' MnCat, however, it is less clear to what extent the layer picture is appropriate; we cannot exclude formation of tunnel-like motifs as found, e.g., in todorokites. 6 Within the overall similar spectral shape of the biological Mn 4 CaO 5 and the inorganic oxide catalysts, there are also differences, mainly due to a clearly higher number of interconnected Mn ions in the inorganic oxides. The number of di-m-oxo connected Mn ions is larger in the synthetic oxides resulting in increased amplitudes of peak-II and peak-III. In the more extended structure of the synthetic oxides, most of the bridging oxygen atoms connect three Mn ions (m 3 -oxo bridge) as opposed to the higher percentage of m 2 -O bridging in the Mn 4 CaO 5 cluster of PSII (herein the i in m i -O does not include the comparatively weak bonding to the Ca ion). Since the Mn-O and Mn-Mn distances are typically longer in the case of m 3 -oxo bridging, peak-1 (Mn-O) and peak-2 (Mn-(m 2 -O)-Mn) are at slightly shorter distances in the biological catalyst. Regardless of these subtle differences in the static structure, the changes in the spectra of the biological catalyst and the water-oxidizing oxide (MnCat) are surprisingly similar and suggest similar structural rearrangements.
Comparing catalytically active and inactive Mn oxides
To address the requirements for catalytic activity in the synthetic Mn oxides, we investigated a second Mn oxide, electrodeposited at constant potential, which is able to undergo extensive Mn oxidation-state changes but exhibits negligible activity towards water oxidation (ESI, † Fig. S2 ). 13 Using UV-vis absorption to track
Mn oxidation, we detect qualitatively similar changes in the catalytically active and inactive oxide (ESI, † Fig. S8 ). For quantitative analysis of the relation between absolute Mn oxidation states and applied electrochemical potential, we employed the X-ray absorption experiment, which reveals informative differences:
(1) In the inactive oxide, high potentials result in an all-Mn IV state of the oxide, whereas in the active oxides we surprisingly find stable Mn III ions that are not oxidized, even at highest investigated potentials, as evident from the Mn oxidation state estimated from XANES data (Fig. 3) .
(2) The inactive oxides are more ordered as evidenced by higher amplitudes of peak-2 and peak-6 of the Fourier-transformed (FT) EXAFS spectra, where the latter FT peak is attributed to a sequence of three collinearly arranged di-m-oxo bridged Mn ions detectable View Article Online only in relatively well ordered Mn oxides. 13 These relatively minor 'static' differences between MnCat and the inactive Mn oxide were already reported before in XAS studies on dry films 13 or films measured after removal of the electrode potential, under opencircuit conditions. 15 Here, we investigate these materials, for the first time, under electrochemical operation conditions and show that the basic structural difference is maintained for application of electrode potentials ranging from the clearly sub-catalytic to the catalytic regime (0.45 V to 1.45 V). However, the two oxides differ distinctly regarding structural changes in their response to increasing electrochemical potentials. The magnitude of the second Fourier peak (peak-2), assignable to di-m-oxo bridging between Mn ions, is increasing (for increasingly positive potentials) in the active Mn oxide, but remains largely constant in the inactive oxide. This increase may be due to either deprotonation of existing m-hydroxo bridges, or to formation of new m-oxo bonds. The former option is predicted to result in increased damping of the EXAFS oscillation (increase in the EXAFS Debye-Waller parameter, s) and is disfavored by the analysis shown in ESI, † Fig. S6 . Similarly, peak-3 changes in the active oxide, but not so in the inactive oxide (compare Fig. 2d and f) . We conclude that in the catalytically active oxide, the accumulation of oxidizing equivalents is accompanied by structural changes involving modification of the metal-metal bridging type, as also observed in the biological catalysts (Fig. 2b) . In contrast, comparatively minor bridging-type changes are detectable in the inactive Mn oxide.
Trapped Mn III ions in catalytically active Mn oxides
Comparison of the potential-dependence of oxidation states extends previous insight in the role of Mn III ions. 12, 13, [40] [41] [42] [43] [44] [45] Fig. 3 shows that for increasingly positive electrode potentials, the Mn oxidation state levels off at about 4.0 for the inactive oxides but at lower values for the catalytically active oxides. An oxidation state of 4.0 and the high amplitudes of peak-2 and peak-6 in the Fourier-transformed EXAFS spectra of the inactive Mn oxide (Fig. 2f) indicates formation of comparatively well ordered Mn IV oxide structure, similar to the one shown in Fig. 1c , but containing also some corner-sharing MnO 6 octahedra (peak-3) as present in tunnel-forming Mn IV O 2 modifications. In such a structure the majority of the manganese ions are embedded in an extended oxide structure, coordinatively mostly saturated by six m 3 -oxo ligands and thus likely unreactive. Therefore, we believe that the rigidness related to the all-Mn IV structure found in the inactive oxide at catalytic potentials explains its lacking water oxidation activity. Suitable sites for substrate-water binding are unavailable and the oxide cannot undergo the structural and oxidationstate changes needed to facilitate the 4-electron-4-proton wateroxidation chemistry. At a potential of about 1.25 V, we detect the onset of sizeable catalytic current (ESI, † Fig. S2) , we investigated mixed MnCa oxides formed by electrodeposition and subsequent annealing at 210 1C with catalytic activity similar to the Mn-only oxides discussed above. 30 The mixed MnCa oxides exhibit an atomic structure with a low degree of order and similar structural motifs as found in the Mn-only oxides. The Ca ion is connected via bridging oxygens to Mn ions, possibly forming a Mn 3 Ca(m-O) 4 cubane structure, 12, 30 in close analogy to the metaloxo core of the biological catalyst. Comparison of XANES and EXAFS of the Mn-only and the MnCa oxide reveals similar oxidation state and structural changes ( Fig. 2c and d and ESI, † Fig. S7) . Interestingly, the incorporation of Ca results in an overall slightly lower mean Mn oxidation state (Fig. 3) . The tuning of Mn redox potentials by coordination of Ca ions to bridging oxygen atoms has been reported also for structurally closely related Mn(Ca) complexes. 47 We conclude that the Ca ions prevent the formation of highly ordered oxide structures and further stabilize the Mn III ions against (irreversible) oxidation at higher overpotentials.
Sequence and timescale of events
In the biological catalyst, 3 flashes of visible light induce 3 oxidation steps, which proceed within tens to hundreds of microseconds 48, 49 and result in accumulation of 3 oxidizing equivalents by means of 3 Mn III/IV oxidation steps (Fig. 1b) . 32, 37, 50 The removal of the fourth electron from the Mn 4 Ca complex in PSII and the coupled O-O bond formation step proceed within about 2 ms. 48, 49 In the synthetic oxides, we addressed the rate of Mn oxidation by means of new in situ X-ray and UV-vis experiments which facilitate time-resolved tracking of Mn oxidation-state changes.
In the experiment of Fig. 4a , the transition from open-circuit conditions (OCP) to application of a positive potential was investigated by detecting UV-vis absorption changes, which Fig. 3 and ESI, † Fig. S8 ). We find that in the catalytically active film the oxidation state changes are clearly faster (by a factor of 10 or more) than in the inactive oxide. Fig. 4b shows the UV-vis transients for the transition from catalytic potential to OCP conditions, where the electrode is electrically insulated so that (external) electrical currents cannot flow. In the active oxide, a fast reduction is observed, which is most likely assignable to catalyst reduction coupled to water oxidation. This observation illustrates the employment of 'stored' (accumulated) oxidation equivalents for water oxidation which continues, for a short time period, even after removal of the external electric voltage, as previously shown for a hydrated Co-based catalyst film. 28 We estimate that in the inactive oxide after the transition to OCP conditions, the initial rate of catalyst reduction is roughly by two orders of magnitude slower than in the MnCat (see ESI, † Fig. S9 ).
Sudden changes in the potential of the catalyst electrode were combined with time-resolved detection of the X-ray fluorescence excited at 6553.3 eV, as shown in Fig. 5a (regarding choice of the excitation energy, see ESI, † Fig. S11 ). By means of this experiment, we also find that Mn redox-state changes are several-fold faster in the catalytically active than in the inactive oxide. The X-ray transients extend the insight obtained by the UV-vis data by providing evidence that the millisecond oxidation/reduction reactions detected in the UV-vis experiment can be assigned to Mn-centered redox chemistry (versus ligand centered chemistry, e.g. OH radical or peroxide formation). In the MnCat, about 35% of the Mn ions are changing their oxidation state within 10 s (see ESI, † Fig. S11c, left y-axis) , which is in line with the steady-state data of Fig. 3 . In the inactive oxide only about 20% of the Mn ions are oxidized/reduced in the voltage jump experiment because the oxidation state changes are not completed within 10 s.
Quantitative evaluation of the X-ray and UV-vis data transients is hampered by their pronouncedly non-exponential character. Moreover, the time-resolved potential-jump data cannot be easily corrected for the influence of the Ohmic resistance of electrolyte and substrate electrode. For detailed quantitative information on the sequence and time scale of events, electrochemical impedance spectroscopy (EIS) was employed resulting in highly different spectra for active and inactive catalysts (Fig. 5b-d and ESI, † Fig. S12-S14 ). The EIS data were simulated according to an equivalent circuit (inset-1 in Fig. 5b) 51,52 which included resistance (R OX ) and capacitance (C OX ) both related to the Mn oxidation state changes as well as a 'catalytic resistance' (R CAT ). This is the least complex equivalent-circuit model that provides an adequate simulation quality. Our time-resolved UV-vis and XAS data motivate and support the choice of this model, specifically regarding its relation to Mn oxidation state changes and catalysis. (The complete equivalent-circle model used in simulation of the impedance spectra also included an Ohmic resistance and a double-layer capacitance describing processes in the microsecond time domain which are, most likely, unrelated to the water oxidation chemistry of the hydrated oxides, see ESI, † Fig. S14 .) We find that the catalytic resistance is by two orders of magnitude smaller in the catalytically active oxide (MnCat) than in the inactive oxide (ESI, † Fig. S14 ), confirming a pronounced difference in catalytic activity. In the catalytically active oxide, R CAT is by about one order of magnitude higher than R OX indicating that the oxidation-state changes are faster than the rate-determining chemical steps in O 2 formation (k OX 4 k CAT ). In conjunction with the UV-vis and XAS results, this finding implies that the transiently stable accumulation of oxidizing equivalents in metal-centered oxidation steps (Mn III-IV oxidation vs. O-ligand oxidation) precedes the water-oxidation/metal-reduction step, as has been suggested for a Co-based water oxidation catalyst 28, [53] [54] [55] and as is the case in the biological catalyst. Two reciprocal rate constants (time constants) were calculated from the EIS parameters: t OX (=R OX C OX ) for the oxidation-state changes and t CAT (=R CAT C OX ) for the catalytic reaction itself. Although their precise meaning is model dependent, these numbers provide access to the timescale of the events taking place in the catalyst material. The values of t CAT at 1.4 V vs. NHE ) (at overpotentials of about 0.5 V) which are not much slower than in the biological catalyst (Fig. 5c) . The discrepancy between these numbers and the overall more sluggish kinetics of catalytically active Mn(Ca) oxides (TOF per Mn ion and evolved O 2 of about 0.01 s À1 13 ) suggests that the number of catalytically active sites is small in comparison to the total number of Mn ions.
Discussion
We find that in both the protein-bound biological catalyst and the here investigated water-oxidizing Mn(Ca) oxides, oxidizing equivalents are accumulated in Mn III -Mn IV transitions, coupled to changes in the m-oxo bridging. In the biological catalyst and likely also in the synthetic oxides, the accumulation of oxidizing equivalents by Mn oxidation precedes the onset of a multi-electron reaction resulting in O 2À oxidation and O-O bond formation.
56
The metal-oxo catalyst is characterized by Mn ions strongly coupled by di-m-oxo bridging, but catalytic activity requires deviations from the structural motifs found in well-ordered MnO 2 layers. Structural motifs close to metal-oxo cubanes are found in the biological catalyst and likely are present in the synthetic oxides as well. The radical-coupling motif proposed to facilitate the efficient O-O bond formation chemistry in PSII requires a specific co-linear Mn-OÁ Á ÁO-Mn arrangement that is not possible in layered MnO 2 structures (see ref. 57 ; also alternative mechanistic proposals are discussed 1, 56, 58 ). Yet this specific atom arrangement could well be present in the disordered water-oxidizing manganese oxides (see Fig. 1d ). We are still far away from knowing the active-site structure and mechanism of O-O bond formation in the water-oxidizing Mn oxides. However, it clearly is conceivable that the basic mode of water oxidation at the protein-bound MnCa-oxo cluster of PSII and in water-oxidizing Mn oxides is similar.
The classical picture of electrochemical water oxidation at electrode surfaces comprises four steps of pairwise electronproton removal from water and peroxide species coordinated at a single metal site of an otherwise static oxide surface. 56 Influential computational studies on heterogeneous water oxidation root in this paradigm. [59] [60] [61] The picture of a dynamic catalyst material outlined above suggests that the mechanism View Article Online of heterogeneous water oxidation in the herein investigated amorphous oxides could differ significantly from the classical prototype mechanism. Our investigation of the dynamic response of water-oxidizing Mn(Ca) oxides to increasingly positive electrochemical potentials suggests: (i) fast metal-ion oxidation and charge-compensating deprotonation in a bulk material which consists of oxide fragments and interfacing water layers, (ii) accumulation of (several) oxidizing equivalents by metal ion oxidation before onset of the O-O bond formation chemistry, and (iii) structural modification (variation of metal-metal bridging) of the oxide fragments in the bulk volume. These features (i-iii) imply that not a single metal center, but rather a functional unit of molecular dimensions, which can undergo oxidation-state as well as structural changes, is involved in catalysis of water oxidation. Thus mechanistic principles frequently discussed in the context of water oxidation by the protein-bound Mn 4 Ca complex of PSII or by molecular transition-metal complexes are more suitable to describe the function of metal-oxide catalysts. 56 Therefore we believe that understanding of heterogeneous wateroxidation catalysis by the amorphous Mn(Ca) oxides may be best approached involving (also) a 'molecular picture' which includes mechanistic concepts developed for water oxidation by the proteinbound Mn 4 Ca complex and homogeneous catalysts.
The following working hypothesis could explain why oxidation state changes in inactive Mn oxide are dramatically slower than in the MnCat: in both oxides, massive Mn oxidation occurs in the bulk material which requires a charge compensating process. In the catalytically active MnCat, this is the comparably fast deprotonation of bridging or terminal water ligands coupled to local structural changes. In the inactive oxide, similar deprotonationcoupled structural changes cannot take place because this oxide is, at all potentials, too close to a perfect Mn(m-O) 2 structure; thus the charge compensation associated with Mn oxidation involves comparably slow ion exchange throughout the bulk oxide, specifically release of potassium cations and/or uptake of phosphate anions.
Regarding development of Mn-based catalysts for water oxidation, our results suggest importance of the following aspects:
(1) Redox-active materials, which can accumulate oxidizing equivalents, are not per se good water oxidation catalysts. For sizable catalytic activity, specific active-site structures likely are decisive. In Mn oxides, it seems essential that at catalytic potentials, Mn III ions are present along with Mn IV ions. Since catalytic potentials exceed significantly the typical potential for oxidation of Mn III ions, they need to be stabilized in specific structures with locally shifted midpoint potential. The presence of Ca ions may support stabilization of these structural motifs. However, calcium is not an essential requirement for water oxidation by Mn oxides. In future catalyst generations, also other ions than calcium may promote structural flexibility and active-site formation.
(2) Non-crystalline materials with dynamic (flexible) structures at catalytic electrochemical potentials favor catalysis as they allow for both oxidation state and structural changes during catalysis. Such dynamic structures may exist not only in completely amorphous oxides, but also in thin surface layers of (some) crystalline Mn oxides. Amorphization activation, as reported for Mn-based and Co-based catalysts, 20, 27 and even reversible surface amorphization 62, 63 could play a role in the design of future catalyst generations. However, not only the general ability of the oxide material to undergo redox-state changes appears to be a prerequisite for catalytic activity. It likely also is of importance whether the redox transitions are slow or fast. This conjecture roots in the time-resolved UV-vis and XAS data of Fig. 4 and 5, which represent a novel type of experiments for direct monitoring of redox-state changes of the metal ions in the time domain (and is confirmed by electrochemical impedance spectroscopy). We find that in the active Mn oxide, the redox-state changes are dramatically faster than in the inactive oxide (by one to two orders of magnitude), strongly suggesting that fast redox-state changes are essential for high catalytic activity.
Conclusions
In summary, we have characterized three exemplary Mn-based oxides, which all resemble amorphous minerals of the birnessite type. Upon exposure to a series of electrochemical potentials, we find Mn oxidation state and structural changes for the catalytically active oxides that are similar to those occurring in the Mn 4 CaO 5 cluster of PSII in the reaction cycle of biological water oxidation. In the biological catalyst, it is well established that accumulation of oxidizing equivalents precedes a multi-electron step of O 2 -formation involving several Mn ions; the same likely holds also for the synthetic Mn oxide catalysts. It has been noted before that the ability to undergo oxidationstate changes is a crucial determinant of catalytic activity of wateroxidizing oxides. 24, 26, 28, 46 We now identify two further, likely interrelated prerequisites for catalytic activity of amorphous Mn oxides: (i) the presence of Mn III ions at catalytic potentials and thus avoidance of an inert all-Mn IV oxide and (ii) fast rates of redox-state changes approaching the millisecond time domain. In summary, rather than being 'biomimetic rocks', 64 the wateroxidizing Mn(Ca) oxides are dynamic materials characterized by fast chemical changes in their bulk volume. Their dynamic redox properties, including the rate (constants) of metal-centered oxidation state changes, are crucial determinants of catalytic activity. This is a new facet of water-oxidizing oxides that clearly deserves becoming a focal point of future investigation. We note in passing that the finding of fast redox dynamics of hydrated Mn oxides could also enrich the discussion of properties and functionality of manganese oxides in different contexts, e.g. biogenic manganese oxides, catalysis of various reactions, or metal ion sequestering (remediation). 6, 9, 65 
